Introduction
The Corfu δ 0 β + thalassemia mutation is a naturally occurring 7.2 kb deletion removing part of the δ-globin gene and approximately 6 kb of upstream flanking sequence 1 (see Figure 1 ). Molecular and hematological analysis of the Corfu mutation was originally described in a Greek family of heterozygous parents and a homozygous child. The child was reported to have total hemoglobin levels of 9.3 g/dL (normal values 12-15 g/dL), which surprisingly was comprised almost entirely of fetal hemoglobin (HbF). The heterozygous parents on the other hand had normal levels of HbF (1-2%) and only slightly decreased levels of adult hemoglobin (HbA) 1 . This paradox between extremely high levels of HbF in the homozygote and very low HbF levels with nearly normal HbA in the heterozygous parents was difficult to explain in For personal use only. on . by guest www.bloodjournal.org From (HPFH) deletion mutations result in high-level, pancellular HbF expression in adult cells. Two hypotheses, which are not necessarily exclusive, have been proposed to explain the differences between the two phenotypes. The most widely accepted hypothesis proposes that the juxtaposition of enhancer elements, normally located downstream of the globin locus and the HPFH breakpoints, exerts a positive effect on γ-globin transcription 3 . This idea is supported by transgenic mouse studies 4, 5 . The other hypothesis to explain the phenotypic differences between the similar δβ 0 and HPFH deletions proposes that a regulatory sequence necessary for γ gene silencing is deleted in the HPFH but not the δβ 0 thal alleles 6 . The putative 1 kb region which represents the minimum region of difference between HPFH and thal deletions is located approximately 3-4 kb upstream of the δ gene and is contained within the Corfu deletion ( Figure 1 ). However, the Corfu deletion is often cited as evidence against the regulatory element hypothesis since Corfu heterozygotes do not show significant elevations of HbF 1, 7 .
The function of the region upstream of the δ gene has been assessed in a number of studies using transgenic mice. Detailed analysis of this region has shown that a chromatin boundary is located approximately 3-4 kb upstream of the δ gene, defining two developmentally regulated chromatin subdomains, fetal and adult 8 . An intergenic transcription start site has also been mapped in close proximity to the chromatin boundary 3.3 kb upstream of the δ gene. The intergenic δβ promoter is active only in stages where adult globin gene transcription occurs, and concurrent with chromatin remodelling of the adult subdomain 8 . A 2.5 kb deletion encompassing the δβ promoter in YAC-transgenic mice 9 results in a failure to open the adult subdomain and a drastic reduction in adult gene expression due in part to variegated expression of the β gene 8 , however, silencing of the γ genes was unperturbed. These
For personal use only. on . by guest www.bloodjournal.org From data suggest that the region upstream of the δ gene plays a role in controlling chromatin structure of the adult subdomain 8 . A more recent transgenic study confirms that deletion of this region has no effect on γ gene silencing or the timing of β-globin switching, however, chromatin structure, absolute transcription levels and variegation
were not analyzed 10 . These data show that this region is not required for γ gene silencing in transgenic mice.
Here we analyze adult primary culture erythroid cells from normal individuals
and Corfu IVS-I-5 (hereafter referred to as Corfu) heterozygous, homozygous and compound heterozygous thalassemia patients (Table 1) . We show that in all cases the fetal γ genes are transcribed at abnormally high levels on the Corfu chromosome demonstrating that γ-gene silencing is indeed impaired by the deletion. In addition, we show through quantification of RNA steady-state levels and Hb polypeptides that high-level transcription of the γ genes does not necessarily lead to a corresponding accumulation of γ mRNA and increased HbF expression indicating that γ gene expression is post-transcriptionally regulated. 
Methods

Patients
Primary cell cultures
Peripheral blood collected from normal individuals and Corfu δβ thalassemia patients (50 ml) was diluted 1:1 with PBS and loaded onto Ficoll-Hypaque gradients (Sigma) and centrifuged at 1200 × g for 15 minutes. After centrifugation, the nucleated cells were washed twice with PBS, and resuspended in alpha minimal essential medium supplemented with 1ug/ml Cyclosporin A, 10% fetal calf serum and 10% 5637 bladder-carcinoma cell line conditioned medium as described (Fibach et al. 1989 ). After 6 days in phase I culture, the nonadherent cells were harvested and cultured in phase II medium 11 with 30% fetal calf serum, 1% deionized BSA, 10 µM
For personal use only. on . by guest www.bloodjournal.org From 2-mercaptoethanol, 1.5 mM glutamine, 1 µM dexamethasone, 1 u/ml recombinant erythropoietin, 10ng/ml Stem Cell factor, and 0.3mg/ml human transferrin. The phase II cultured cells were monitored on a daily basis for hemoglobinization. Cells were harvested at 2, 4, 6, and 8 days after the first appearance of hemoglobin (posthemoglobinization).
RNA FISH
RNA-FISH was performed as previously described 12 RT-PCR analysis of steady-state mRNA levels was carried out by TaqMan real-time PCR as described in Fibach et al. (2003) 13 . Real-time PCR was performed on an ABI Prism 7000 Sequence Detection System (Applied Biosystems) and relative transcript levels were determined against genomic DNA standards.
Hemoglobin HPLC
Hemolysates were prepared from approximately 10 7 cells by resuspending in 200µl 0.5 × RSB with 1% NP40. The supernatant was collected and applied to a cation-exchange high-performance liquid chromatography column. Output was detected at 415 nm.
Results
Transcription of the γ-and β-globin genes during erythroid differentiation
We first studied transcriptional regulation of the γ-and β-globin genes during differentiation of committed erythroid progenitors derived from peripheral blood from normal individuals. In this procedure nucleated cells are isolated from peripheral blood and cultured according to the two-phase liquid culture method described by
Fibach et al. 14 . Aliquots of cells were taken 2, 4 and 6 days after hemoglobin begins to accumulate (days 2, 4, 6 post-hemoglobinization). The cells were fixed onto 
Transcriptional silencing of the γ genes is impaired in all Corfu individuals
To determine the effect of the Corfu mutation on globin gene transcription we performed RNA FISH on erythroid cells cultured from normal individuals and six different Corfu patients (see Table 1 ). We assayed cells from three compound heterozygotes (genotypes: A01, Corfu/CD39; A08, Corfu/IVS-I-110; A09, Corfu/IVS-I-110), two Corfu homozygotes (A02 and A06), and one simple Corfu heterozygote A07 (mother of A06). Patients A01, A02, A06, A08, and A09 all display greatly elevated levels of HbF, whereas A07 has normal, low-level HbF expression (Table 1) . Analysis of the Corfu homozygotes A02 and A06 showed that γ transcription levels are significantly increased and β levels significantly decreased in comparison to normal cells (compare Figure 2B with 2A). Moreover, elevated γ transcription was remarkably stable throughout differentiation in A02 and A06. These Table 1 ). γ levels in Corfu compound heterozygous cells drop only marginally with time in culture consistent with γ silencing of the allele in trans ( Figure 2C) . Surprisingly, the simple Corfu heterozygote A07 also showed significantly elevated levels of γ gene transcription ( Figure 2C and 2D). This result was unexpected since HbF is not elevated in patient A07 (Table 1) , and previously reported Corfu heterozygotes do not have high HbF 1, 18 . In fact, the level of γ versus β transcription in A07 was very similar to the compound heterozygotes (A01, A08, A09), averaging 30% γ and 70% β on day 6 post-hemoglobinization. γ transcription levels in all Corfu heterozygous cells are nearly two-fold lower than Corfu homozygous levels (average 30% versus 54%), indicating a clear link between Corfu chromosome dosage and the total level of γ transcription. An important conclusion from all these data is that elevated γ transcription in Corfu heterozygotes occurs regardless of whether the β locus in trans is normal or contains a β mutation.
Our RNA FISH analyses indicate that γ gene transcription is elevated in all carriers of the Corfu mutation. In view of the importance of this observation, we next sought to verify it by a completely independent method. We designed a real-time quantitative RT-PCR assay to measure γ globin primary transcript levels. We measured the abundance of γ primary transcripts using α-globin as an endogenous Figure 4C ). In each case the γβ:β, γ:β, γβ, and γ cell types account for nearly all of the increase in γ transcription. These are all cell types For personal use only. on November 12, 2017. by guest www.bloodjournal.org From in which only one chromosome has a γ signal or combination of γ and β. In the normal individual, the "1γ-cells" (γβ:β, γ:β, γβ, γ) account for about 18% of the total, while 4% are 2γ-cells (γ signals on both chromosomes, i. e. γβ:γβ, γ:γβ and γ:γ) (see Figure 5 ). In Corfu heterozygotes, however, over half of all cells are 1γ-cells (an increase of 34%) whereas 2γ-cells increase only 5%. This result is wholly consistent with impairment of γ gene silencing on one chromosome in the Corfu heterozygotes.
In homozygotes, the further rise in γ levels is almost completely accounted for by a 3-fold increase in 2γ-cells to 34% ( Figure 4D and Figure 5 ). The percentage of 1γ-cells increases only marginally compared to heterozygotes. These data show that increased γ transcription in Corfu heterozygotes is due to the propensity of one chromosome to transcribe the γ genes, whereas in homozygotes both chromosomes are capable of increased γ transcription. We conclude that γ gene silencing is impaired and γ gene transcription is specifically elevated in cis to the Corfu mutation. Our data also show that γ silencing in cis to the CD39 β 0 and IVS-I-110 β + thal mutations proceeds normally, as expected.
We next wanted to determine whether the Corfu deletion or the IVS-I-5 splicing mutation was responsible for the elevated γ transcription phenotype associated with the Corfu genotype. To this end, we identified an individual (A10) who is a compound heterozygote carrying the βIVS-I-5 mutation without the Corfu deletion on one chromosome and a nonsense β CD39 mutation in trans. RT-PCR analysis of γ primary transcripts reveals that A10 has normal γ primary transcript levels ( Figure 3B ). These data show that the IVS-I-5 mutation alone does not give rise to increased γ transcription. We conclude that persistent γ transcription in Corfu individuals is dependent on the 7.2 kb deletion.
For
Post-transcriptional regulation of γ and β mRNA levels
We were surprised by the fact that the simple heterozygote A07 displayed increased γ transcription in the absence of any increase in HbF expression. We considered the possibility that HbF expression in adult cells is regulated at a posttranscriptional stage, such as γ mRNA processing, transport or stability. Regulation at one of these stages might be expected to block accumulation of γ mRNA, hence restricting HbF expression. In order to determine if elevated γ gene transcription resulted in a corresponding increase in γ mRNA level, we analysed total RNA from the two groups of patient cultures. We quantitated the steady-state levels of γ-, and β-globin mRNA via real-time RT-PCR with Taqman probes using α-globin mRNA levels as an endogenous reference. We assayed RNA from N, A06, A07 and A09 from the first batch of cultures ( Figure 6A) and N, A10, A11 and A12 from the second batch ( Figure 6B ). Our results reveal two important points. First, the level of β mRNA is much lower in the Corfu patients (simple and compound heterozygotes, and homozygotes) than would be predicted by the RNA FISH transcription analysis. This is undoubtedly due to the fact that the Corfu β gene mutation (IVS-I-5) and the IVS-I-110, IVS-I-1 and IVS-II-1 mutations in trans would all be expected to reduce the steady-state level of β mRNA through nonsense-mediated decay 19 . In each case β mRNA levels are reduced in accordance with mutant β gene dosage, with the trans β 0 mutations resulting in lower β mRNA levels than β + mutations, as expected.
Second, γ mRNA levels do not correspond to transcription levels but instead vary from patient to patient seemingly dependent on the levels of β mRNA. For example, A07 and A09 have nearly identical transcription patterns (see Figure 2D ), yet the level For personal use only. on November 12, 2017. by guest www.bloodjournal.org From of γ mRNA in A09 is over two-fold higher than A07 ( Figure 6A ). This discrepancy becomes even more apparent when A09 is compared with A06. A06 should have twice as much γ mRNA as A09 due to the fact that Corfu chromosome dosage is doubled in A06 and both are highly transcribing the γ gene. However, A06 actually has three-fold higher γ mRNA levels compared to A09, and over six-fold higher levels than A07. We noticed in the patients with β 0 mutations in trans (A11 and A12) that γ mRNA levels appeared to be even higher. This is most likely due in part to variations between cultures, however, the trans β 0 mutations may also be a contributing factor (see below). These results suggest a post-transcriptional regulatory mechanism whereby γ mRNA steady-state levels are suppressed or specifically reduced in the presence of high steady-state β mRNA levels. This effect is even apparent in the normal blood samples (12% γ transcription; 3% γ mRNA).
γ mRNA level is the major determinant of HbF expression
In order to complete our analysis of globin expression in the context of the Corfu deletion we quantitated HbF and HbA levels in the same primary erythroid cultures. We carried out HPLC analysis 20 of cell lysates from A06, A07, A09 and normal individuals (Figure 7 ). Normal cells contain 1% HbF and A07 has 4% HbF, whereas A09 and A06 have 31% and 63% HbF, respectively. These percentages are equivalent to the respective values for the relative abundance of γ mRNA in these cells measured by RT-PCR (compare Figures 6A and 7) . Moreover, they are in very good agreement with the hematology profiles ( Table 1 ). These data suggest that HbF expression is strictly dependent on γ mRNA abundance. These findings do not rule out the possibility that the final HbF/HbA output is adjusted by additional
For personal use only. on November 12, 2017. by guest www.bloodjournal.org From downstream mechanisms, but their contribution is (likely to be) less significant.
Of particular interest is the case of the simple Corfu heterozygote A07, who has equivalent high levels of γ gene transcription to A09, but much lower levels of γ mRNA and HbF. High levels of HbF are specifically associated with pathologically low β-globin production, as in Corfu compound heterozygotes and homozygotes.
Discussion
The Corfu paradox
In order to gain insight into β-like gene regulation in the context of the Corfu deletion genotype we studied erythroid cultures from Corfu individuals focusing on several key stages of the hemoglobin production pathway: primary transcription, mRNA steady-state levels, and Hb tetramer accumulation. Our results illuminate the paradox surrounding the effects of the Corfu deletion on globin gene regulation. We show that in all cases, the Corfu mutation leads to greatly increased γ gene transcription in cis. However, γ mRNA levels do not directly follow γ gene transcription levels. Instead, it appears that γ mRNA levels and hence HbF expression are dependent on the level of β mRNA. This is particularly evident through comparison of the simple heterozygote A07 with the compound heterozygotes A08 and A09. These individuals differ by the IVS-I-110 splicing mutation carried by A08 and A09 in trans to the Corfu deletion. This mutation, which creates an alternative splice site in the β transcript, would be expected to reduce the amount of mature β message without necessarily affecting the transcription rate (however it may have a slight effect on the number of transcription foci seen by RNA FISH 15, 21, 22 on the silenced γ genes on the non-deletion alleles, nor silence the γ genes of the Corfu locus. Therefore, the effect of putative silencing factors binding to the γ genes can be overridden in the absence of the deleted region. This suggests that if the transacting factor environment is playing a role in γ gene silencing, it must be doing so, at least in part, through elements located in the deleted region. However, there is no specific requirement for this region in γ silencing since other deletions that remove Chakalova et al. Figure 3 
